Butyrylcholinesterase (BChE) is an enzyme which has been shown to be involved in the pathogenesis, treatment and prognosis of Alzheimer's disease. In its current form, however, evidence is equivocal with all of the associations. Variant forms of the protein exist, where the enzymatic function is lost to varying degrees. We performed in silico evaluation of these variants. Bioinformatics and molecular modeling, based on data from ESTHER database and Protein Data Bank (RCSB), were used for in silico predictions of the structures of the silent variants that involve a single amino acid change. Variants with loss of enzyme activity were evaluated for structural changes near the active site and the thermodynamic stability of the variants was estimated. The results indicated that the loss of activity of the variants can, in most cases, be attributed to structural changes in the active site or to lower thermodynamic stability. Our results showed that the loss of enzyme activity may be due to changes in the active site, oligomerization or loss of structural stability. Individuals with loss of function mutation of BChE can be studied and followed up for their proneness or resistance to cognitive decline with aging.
INTRODUCTION
The cholinergic deficit hypothesis and the formation of amyloid plaques containing beta-amyloid peptide related to Alzheimer's disease have as a common pathogenic factor, cholinesterase enzymes that belong to the family of serine hydrolases [1, 2] . Butyrylcholinesterase is produced by the liver and is secreted into the circulation, unlike acetylcholinesterase (AChE), the other member of the enzyme family. A tetrameric glycoprotein (mol mass 342 kDa), BChE is also seen in the intestinal mucosa and white matter of central nervous system [3] . The enzyme consists of four identical subunits, each with an active site. Although the physiological role of BChE is unclear, it serves as a marker of exposure to organophosphate pesticides and is also involved in metabolizing drugs such as cocaine, heroin and muscle relaxants such as suxamethonium [3] .
AChE and BChE belong to a family of serine hydroxylases, having sequence homology with membrane associated proteins such as thyroglobulin and glutactin [4] . The rank ordering of serine and histidine positions within the linear sequences suggests that cholinesterase family evolved from convergent evolution. There is a 50% -52% residue identity between AChE and BChE [4] . The relationship between the structure and function of AChE has been studied experimentally as well as computationally [5] ; this knowledge is helpful in elucidating the relationship between structure and function of BChE [6] . A number of variant BChEs have been identified, including mutations of deletion, missense and nonsense varieties. More than one kind of mutation can also occur [7] [8] [9] . BChE is coded by the BChE gene (3q26.1-q26.2) which has four exons [10] . Other forms of BCHE variants may result in the interaction of products from BCHE and AChE (2q33-q35) genes. Variant forms of the enzyme are seen in particular ethnic groups such as individuals from Vysya community of India [11] .
Studies on the relation between BChE and Alzheimer's disease have been done in terms of etiopathogenesis, predisposition and drug therapy. Altered levels of AChE and BChE were reported in the cerebral cortex of individuals with Alzheimer's disease [12] . When the AChE activity in human plasma was assessed in subjects with Alzheimer's disease, the level was lower compared to BChE; however the levels and patterns of the molecular forms were similar to those in individuals with silent BChE forms [13] . Darvesh et al. reported that although BChE is pathogenically related to lesions of Alzheimer's disease, the molecular forms of the enzyme from the brain of affected individuals are not modified in terms of their primary structure, implying that atypical histochemical behaviour may result from interaction of the protein with other molecules in the cortical lesions [14] . The ability of alanine-to-threonine substitutions and amyloid diseases as applied to BChE was shown to be compatible with inverse preferences of alanine to form helices and of threonine to support beta-sheets [15] . Despite being protective at an earlier age, amyloid formation sets in later in life. In view of a large pool of BChE being found in the glia located in the deeper cortical and subcortical structures, it is possible that it may be a potential therapeutic target for subcortical pathological processes [16] .
An interaction of BChE with apoliprotein E (ApoE) appears to underlie the pathogenesis of Alzheimer's disease. In a recent study that investigated the interrelation between ApoE and BChE levels, levels of both strongly correlated with CMRglc, cerebral A beta load and CSF P-tau (r = 0.73, p < 0.0001, n = 33). High ApoE was associated with increased pool of dormant BChE molecules having high intrinsic catalytic rate in cerebrospinal fluid, suggesting that high ApoE levels cause changes involving cholinergic deficits by disturbing cholinergic activity dependent activity of neurons and glial cells [17] . Based on a retrospective analysis of data, a continuum was defined by gender and genotype. In early Alzheimer's disease men who were carriers of BChE-K variants with ApoE4 alleles had medial temporal atrophy, synaptic failure and cognitive decline [18] . Whereas carriers of BChE-K and ApoE4 stand an increased risk of Alzheimer's disease, those who do not carry APOE4 appear to be protected, in those with BCHE-K. The interrelationship was hypothesized to arise through a differential phenotypic modulation of BChE by ApoE4, which forms an interesting avenue for future studies [19] . High ApoE was associated with reduced amounts of BChE as well as differentially related to levels of cytokine Il-1B, a proinflammatory cytokine [20] . The interaction may occur through central modulation of cholinergic activity and A beta load in the brain. A post-hoc exploratory analysis of rivastigmine in the InDDEx study showed that progresssion to Alzheimer's disease and hippocampal loss was highest in those with both APOE4 and BChE-K alleles [21] . Presence of hyperhomocysteinemia was associated with more rapid decline in cognitive function associated with BChE-K [22] . Similarly BChE has been shown to interact with 14-3-3 zeta in influencing the risk of developing Alzheimer's disease [23] . In addition, BChE has been proposed to be a link between the well recognized association between Alzheimer's disease and type 2 diabetes mellitus [24, 25] . Variant forms of BChE have been reported from different geographic regions of the world, including India [26, 27] . However association between BChE variants and propensity to Alzheimer's disease has shown ethnic differences [28, 29] .
The active site of BChE is formed by catalytic triad amino acids Ser198-His438-Glu325 [30] . It is located at the bottom of a 20 A o long narrow gorge, and catalyses hydrolysis in two steps: acylation followed by release of choline molecule and next deacylation of acyl-enzyme formed in the first step [7] . Other functional regions in the active site gorge have been identified: an oxy-anion hole (Gly116, Gly117 and Ala199), a site that stabilizes binding based on π-cation interactions (Trp82) and an acyl binding pocket consisting of a hydrophobic patch of residues (Leu286, Val288) [6, 31, 32] . Some of the residues such as Asp70 in the peripheral anionic site (Tyr332, Asp70) at the entrance of the active site gorge are predicted to have substantial mobility due to the presence of the flexible omega loop near the entrance of the active site gorge.
Asanuma et al. carried out a structural analysis of the L330I, G365R, and R515C mutations of human BChE [33] . The amino acid substitution at L330I was adjacent to hydrophobic residues that form the channel domain of the active center of the model. This side chain faced the side opposite the active center. They found that the amino acid substitution at G365R was located at the position most remote from the active center, and that this substitution site was exposed to the surface of the BChE protein. They also reported that the guanidyl residue of native Arg 515 was hydrogen-bonded to the carboxyl group of Asp 395 in an alpha helix adjacent to the active site. They concluded that point mutations may cause steric effects on hBChE activity. However, these observations were only deduced from a published model of the computer-generated three-dimensional structure of hBChE (based on the structure of acetylcholinesterase). The structures of the native form of human BChE and BChE bound to several substrate analogs are now available. The structural and thermodynamic analysis reported here are based on the experimentally determined structures of BChE and are expected to be more reliable and informative than the earlier structural analyses of native variants which were performed before the availability of experimentally determined structures of BChE.
Manoharan et al. have investigated the effect of the L307P mutation in BChE using predictions of thermal stability and concluded that the loss of activity in the L307P variant could be attributed to structural destabilization [11] . The work reported here is a comprehensive analysis of all single residue variants of BChE that lead to complete or nearly complete loss of activity of BChE. In order to study the loss of function of BChE variants, we assessed their structural changes in the active site and thermodynamic stability.
METHODS

ESTHER Database
The ESTHER database for esterases [34] , contains information on 70 natural mutants of BChE. Out of the 70 natural variants of BChE, 51 involve single amino acid substitution, eight involve truncation and six involve frameshifts. Out of the 51 variants involving amino acid substitutions, 25 variants, that produce a silent phenotype, were chosen for this study.
Multiple Sequence Alignment
The BChE enzyme sequences of different organisms available in the ESTHER database were aligned using ClustalW [35, 36] . The multiple sequence alignment obtained was displayed through MView. This alignment was used to identify residues that are conserved. Residues were classified as conserved if identical or similar residues were present in 70% or more of the sequences studied.
Protein Data Bank
Structural information was obtained from the Protein Data Bank (www.rcsb.org) [37, 38] . The coordinates of atoms of recombinant human BChE (2PM8) [32] , and the atomic coordinates of BChE in complex with a choline molecule (1P0M) were used for structural analysis of native BChE [31] . In addition to these, 1P0I and 3DJY were also used for comparative modeling. 1P0I was chosen because it is the highest resolution structure for human BChE without substrate [31] . 2PM8 was chosen because the structure was obtained using the full length chain of human BChE. 1P0M was chosen because it includes a small substrate, butyrylcholine, which is similar to succinyl choline which is commonly used as a substrate to assess the BChE activity of human serum. 3DJY was used because it is the highest resolution structure with a bound substrate analog [39] .
Distance Based Cluster Analysis
A dedicated PERL program was used to calculate all pair wise distances between the Ca atoms of residues that are implicated in variants that produce the silent phenotype. The distance matrix produced by this program was used as input for distance based clustering using UP-GMA implemented in the PHYLIP package [40, 41] .
Njplot [42] was used for displaying the resulting trees.
Molecular Surface, Surface Accessible Pockets and Internal Cavities
The molecular surface and the cavities within BChE were identified and displayed using the molecular graphics program Pymol [43] . In addition, the CASTp server was used to obtain additional information regarding the accessible pockets and internal cavities. CASTp computes molecular surfaces and volumes and defines the cavities by using weighted Delaunay triangulation and the theory of alpha shapes [44, 45] .
Prediction of DDG
The effect of amino acid substitutions on the thermal stability of BChE was evaluated by using two methods: I-Mutant2.0 and Popmusic2.0. Popmusic2.0 uses statistical potentials based on property encoding for prediction of thermal stability with an estimated rms error of 1.15 kcal/mol [46] . I-Mutant2.0 is a support vector machine based tool that can be used for the prediction of the change in free energy of unfolding upon mutation. The estimated standard errors for prediction of thermal stability with I-Mutant2.0 are 1.30 kcal/mol [47] .
Prediction of Structural Perturbations at the Active Site
The effect of amino acid substitution on the geometry of the active site was evaluated by constructing structural models of the silent variants by using the Modeller package of programs (Modeller 9v8). Modeller constructs structural models of the sequence of interest by maximizing a molecular probability density function [48] . The molecular probability density function includes terms for similarity to the templates and terms based on potentials of mean force which were derived from observed distributions of structural parameters in proteins [49] . Four experimentally determined structures of human BChE (1P0I, 2PM8, 1P0M and 3DJY), obtained from the Protein Databank [37, 38] were used as templates for the structural modeling of the variants.
The structural models of the variants were further optimized by using an initial round of conjugate gradients minimization (maximum of 20 steps), followed by molecular dynamics optimization (maximum of 50 steps, initial temperature 300 K) and a final round of conjugate gradients minimization (maximum of 20 steps). The structural differences of functional interest, between the native enzyme and the models of the variants were assessed quantitatively by comparing the distance matrices of residues that play a critical role in the activity of BChE. Distance matrices, involving all pairwise dis-tances between the CA atoms of the active site residues (Ser198, His438, Glu325) and the residues comprising the oxy-anion hole (Gly116, Gly117, Ala199) were computed for the native protein as well as for all the variants. The root-mean-square distance between the distance matrices of native and variant structures, dRMS, was computed as follows:
where, d ij,native is the distance between a pair of atoms i and j, and d ij,variant is the distance between the same pair of atoms in the structure of the variant; npairs is the total number of atom pairs in the distance matrix.
RESULTS
OPEN ACCESS
Comparative sequence analysis of silent variants: Multiple sequence alignment of BChE sequences from 25 species available at the ESTHER database was used to check the degree of conservation of residues whose mutations produce silent phenotypes. We observed that the following residues exhibit 100% conservation: G115, L125, Y128, D170, S198, A199. However, the following residues are not conserved: T250, E255, A328, R515, Q518.
Structural Analysis of Silent Variants
CASTp was used to identify the major cavities and the contributing residues in the experimentally determined structure of the full-length recombinant hBChE (2pm8) and in the complex of BChE with butyrylthiocholine (1p0m). The active site residues of hBChE are at the bottom of a deep pocket having a volume of 1643A 3 in the structure of the complex of hBChE (1p0m); this volume is intermediate between the volume of the same pocket in the two chains A and B of the full-length recombinant human butyrylcholinesterase (2pm8), 1725.7A Table 1 ).
An examination of the experimentally determined structure of full length hBChE shows that most of the residues whose mutation leads to silent phenotypes for BChE activity are on the surface of the central cavity that defines the active site (shown in Figure 1) . Mutation of these residues would be expected to result in altered substrate binding; this explains the observed loss of activity for these residues. However, it is also apparent that all the residues whose mutations produce silent phenotypes are not spatially proximal. Therefore, a distance based cluster analysis was used to identify sets of residues that are close to each other.
Distance Based Cluster Analysis of BChE Silent Variants
Distance based clustering was used to identify residues that are near the binding site or near residues that define the binding site. Distance based cluster analysis ( Figure  2 ) reveals that most of the residues whose mutations lead to silent phenotype are close to each other as revealed by the cluster of residues that includes Ser198 in Figure 2 : Results of cluster analysis of inter-residue distances for residues whose mutation leads to silent phenoltypes. S198, A199, G115, A201, L125, Y128, F446, A328. Mutations at these sites would be expected to alter the geometry of the binding site and hence lead to loss of activity. Hydrophobic residues Phe474, Trp471 and Phe418 form a cluster. Similarly, residues Tyr33, Asp170 and Pro37 form another cluster. The clusters that include the following residues are quite distant from the binding pocket and can be regarded as outliers: Glu255, Lys267, Thr250, Leu307, Gly365, Arg515, Gln518. In addition, the following set of residues are also quite distant from the active site: Ala184, Pro100, Thr24, Glu460.
Predicted Thermal Stability of Silent Phenotypes
Loss of activity may be either due to altered geometry of the binding site, or due to loss of structural stability which may lead to denaturation. The thermal stability of the silent phenotypes was predicted to assess the possible contribution of thermodynamic stability. The predicted changes in the free energy of unfolding are presented in Table 2 . All silent variants were predicted to have lower thermal stability than the native BChE based on prediction using Popmusic. Similar results were obtained with I-Mutant2.0, with the following exceptions: Glu255, Gly365 and Gln518. These three variants are predicted to be slightly more stable. However, the predicted increase in stability for these three variants is less than the standard error of the prediction for I-Mutant2.0. 
Prediction of Structural Perturbation in the Active Site of Silent Phenotypes
Models of the structures of silent variants were constructed to assess the possible loss of activity due to altered geometry of the binding site. For each variant, four models were constructed. The models were assessed by using the GA341 scoring function and were found to have a score of 1.0 indicating a good quality of the structure. In addition, the calculated values of the molecular probability density function for all models were large and positive (>19.7 × 10^3), indicating good quality structures. The models were optimized by using conjugate gradients and molecular dynamics. For each variant, the average value of the dRMS for the four models was calculated and used as a quantitative measure of the structural perturbation at the active site. The average value of the dRMS for the four structural models of each variant is listed in Table 2 . These results indicate that structural perturbations can be induced in the active site, even by mutations of residues that are quite far from the active site. The calculated value of the dRMS is quite small for all variants, with a maximum of 0.45A observed for D170A mutant. However, even small changes in the active site geometry, characterized here by changes in distances between pairs of atoms, can give rise to large effects on the rate of an enzyme catalyzed reaction.
DISCUSSION
The structural basis for the function of BChE has been studied by using a number of substrate analogs [6, 31] . However, the role of most of the residues observed in the human variants that lack activity have not been elucidated in the earlier structure function studies. The distance based clustering method described here, provides a rapid means for identifying residues that are proximal to residues that are directly involved in the catalytic process (or residues with known interactions with the substrate). Some residues observed in human variants that lack activity were observed in clusters substantially distant from the cluster that includes the residues such as Ser198 that play a role in catalysis; the thermodynamic stability of such residues was assessed in an attempt to explain the observed loss of activity of these variants. Ser198 is known to play a critical role in the catalytic activity of hBChE. The observed silent phenotypes for Ala199, Gly115, Leu125, Tyr128 and Ala328 can be explained based on their proximity to the cavity that defines the binding site based on output from CASTp. Ala201 is also in close proximity to the central cavity that defines the binding site (See Figure 2) . The cluster of hydrophobic residues Phe446, Trp471, Phe474, Phe418 is part of a compact core that is likely to be important for maintaining structural integrity (Figure 3) . Prediction of thermal stability of variants involving these hydrophobic residues indicate these variants are expected to be unstable ( Table  2 ). In addition the prediction of thermal stability indicates that Glu460 has a role in maintaining the structural integrity of BChE.
Leu307 is near the cavity that defines the binding site for MES. This cavity is part of the interface between the two chains in the structure of the full length hBChE. In addition, Leu307 it is mostly buried and mutations may alter the packing and this may lead to changes in positions of residues at the active site. The prediction of thermal stability (Table 2) indicates that this variant will be unstable. The role of Leu307, deduced here, is consistent with earlier predictions [11] . Residues Tyr33 and Thr24 are quite distant from the active site as well as from the regions predicted to play a role in oligomerization. The loss of activity in the T24M mutant does not have an obvious explanation based on the predictions of thermal stability. However, it may induce structural perturbation at the active site as indicated by its dRMS value of 0.39A. The interaction of Tyr33 with Asp170 may be responsible for maintaining long range interactions. Predictions of thermal stability indicate that Y33C will be less stable than the native enzyme. Asp170 is present in the middle of a helix that interacts with thehelix at whose end the active site residue Ser198 is present. Therefore alteration of Asp170 can lead to a minor displacement of the active site residue Ser198, leading to loss of activity. This would explain the observation that, although the predictions of thermal stability indicate only a marginal decrease in thermal stability for the Asp170 variant, the residue Asp170 is highly conserved and its mutation leads to complete loss of activity. The modeling and molecular dynamics calculations also indicate that the pair of residues Tyr33 and Asp170 have a higher dRMS (0.42A and 0.45A) than the average observed for other mutations. A184 is also present at the end of the helix containing Asp170 and the loss of activity in the A184V variant also may be attributed to the same mechanism; however, this is less plausible because A184 is at the end of the helix.
The proximity of Arg515 and Gln518 to the dimerization interface suggests that these residues may play a role in oligomerization. Oligomerization of BChE is known to play an important role in the turnover of BChE in serum. However, these two residues are not conserved in BChE from other species. Gly365 is at the end of a short helix. It is quite far from the cavity defining the active site and is close to the surface. Asanuma et al. [50] have modeled the structure of hBChE based on the structure of AChE cholinesterase and based on this model they have suggested the role of steric effects in reduced activity of G365R and other mutants. Prediction of thermal stability of the mutant G365R does not indicate that this mutation will be strongly destabilizing. However, the model for tetramer based on molecular dynamics calculations [51] indicates that this residue is in a helix which has close contacts with another monomeric unit. Therefore, the loss of activity in the G365R mutant can be explained by the inability of the mutant to adopt the native oligomeric form. Mutation of Thr250 to Pro produces a silent phenotype, which can be explained based on the predicted loss of thermal stability ( Table 2) . However, Thr250 is not conserved in BChE of other species. Lys267 occurs in a loop on the surface of BChE. This residue is far from the active site. It is spatially close to the terminus of a helix and may play a role in its stabilization. Also, the amino group of lysine side chain may form hydrogen bonds to some neighboring residues, such as Thr250. The prediction of thermal stability indicates that this mutation can be slightly destabilizing. However, its dRMS value (0.41A) is higher than average, indicating a possible role in long range perturbation of the active site geometry. K267R is listed as a silent mutation in the Esther database. However, examination of the data in the paper cited in Esther [7] indicates the possibility that the mutation of interest, K267R, may have low activity. Glu255 occurs in a loop on the surface of BChE and its side chain points away from the rest of the protein. Glu255 is not conserved in BChE sequences of other species. In addition, the predictions of thermal stability ( Table 2 ) indicate this mutation would have little or no effect on the thermal stability of the monomer. The computed model of the tetramer of BChE indicates that Glu255, Thr250 and Lys267 are in close proximity to another monomer in the tetramer. This indicates a possible role for these three residues in the stabilization of the tetramer. Failure to form a tetramer may lead to rapid clearance of the monomeric forms from the serum, even if they retain catalytic activity. However, it is known that BChE can form oligomers with a structure that is substantially different from the physiologically relevant oligomers [32] . The current computational methods cannot give quantitative predictions regarding the stability of variants of these oligomers with adequate precision. Therefore, the conclusions regarding the roles of residues implicated in oligomerization are only of a qualitative nature.
The variants of human BChE that lead to loss of activity were examined for structural changes near the known active site and the thermodynamic stability of the variants was estimated. These studies indicate that the observed loss of activity of the variants can, in most cases, be attributed to structural changes near the active site, and/or to decrease in thermodynamic stability. Our findings are consistent with a recent report by Vyas et al. [52] , who demonstrated the effect of mutations near the active site using molecular dynamics simulations. Similarly, molecular modeling of the TS1 structures showed that mutations on certain nonactive site residues can indirectly affect the catalytic efficiency of the enzyme against (-)-cocaine through enhancement or weakening of the overall hydrogen bonding between the carbonyl oxygen of (-)-cocaine benzoyl ester and the oxyanion hole of the enzyme [53] .
The underlying theme of our study was to assess alterations in structure and thermodynamic stability of BChE variants, because modulation of cholinergic nervous system is useful to understand the pathogenesis of Alzheimer's disease and to drugs that modify the symptoms and possibly its course. Bartels et al. have demonstrated that the stability of the K-variant of BChE (A539T) remains unchanged and that its (succinyl cholinesterase) activity is only slightly lower than that of native BChE, indicating only minor structural changes at the active site [54] . Hence, the association of the K-variant of BChE with Alzheimer's disease is likely due to altered intermolecular interactions [54] .
A knock-out model of BChE has been developed that mimics many metabolic changes of variant BChE properties in humans such as hydrolysis of toxins and involvement in obesity [55, 56] . However there are differences in the animal models and humans such as the need for double knock out (viz both BChE and carboxylesterase) [57] . In addition, preliminary studies in subjects with BChE variants have not shown any adverse health effects, other than an inability to rapidly metabolize succinylcholine, a muscle relaxant used in anesthetic practice [58] . However, further prospective studies can be performed in subjects with lack of BChE activity [25] to evaluate the cognitive status associated with aging, which can provide insights into the possible role of BChE in influencing cortical and higher functions. Such information
